Preliminary studies of used fuel generated in the US Department of Energy's Advanced Fuel Cycle Initiative have indicated that current used fuel transport casks may be insufficient for the transportation of said fuel. This work considers transport of three 5-year-cooled oxide Advanced Burner Reactor used fuel assemblies with a burn-up of 160 MWD/kg. A transport cask designed to carry these assemblies is proposed. This design employs a 7-cm-thick lead gamma shield and a 20-cm-thick NS-4-FR composite neutron shield. The temperature profile within the cask, from its center to its exterior surface, is determined by two dimensional computational fluid dynamics simulations of conduction, convection, and radiation within the cask. Simulations are performed for a cask with a smooth external surface and various neutron shield thicknesses. Separate simulations are performed for a cask with a corrugated external surface and a neutron shield thickness that satisfies shielding constraints. Resulting temperature profiles indicate that a three-assembly cask with a smooth external surface will meet fuel cladding temperature requirements but will cause outer surface temperatures to exceed the regulatory limit. A cask with a corrugated external surface will not exceed the limits for both the fuel cladding and outer surface temperatures.
INTRODUCTION
The Advanced Fuel Cycle Initiative (AFCI) is an effort to develop advanced nuclear fuel cycles [1] in which recycling of used nuclear fuel (UNF) sustains the fuel source and minimizes deposition of waste into geologic repositories. In such a cycle, used light water reactor (LWR) fuel is recycled for reuse in an Advanced Burner Reactor (ABR). Many process steps in proposed AFCI fuel cycles require transportation of used fuel. These include but are not limited to transportation from LWR plants to separations facilities; from separations facilities to facilities performing recycling, storage, enrichment and fuel fabrication; and from recycling facilities to ABR plants.
Concerns with safety and security during transportation of UNF are raised due to high radioactivity and possible proliferation.
These concerns are addressed in part by minimizing instances of fuel in transit, that is, by shipping as much fuel as possible during a single transportation operation. This decreases the frequency at which costly safety and security measures are taken. Current once-through fuel cycles already require transportation of fresh and used fuel and are designed to address these issues. However, differences between LWR and ABR fuel composition and higher levels of radioactivity and heat generation of used ABR fuel pose difficulties that are not accommodated by existing transportation infrastructure.
UNF is currently transported by truck or rail in large transport casks. These casks surround the fuel by several layers of radiation shielding. A single cask can transport anywhere from one to tens of used fuel assemblies depending on the transportation method, fuel composition, and fuel age. These same transportation methods are proposed in AFCI, however, modifications to the casks may be required to safely transport used fuel generated by the recycling processes of AFCI. In addition to the necessary security of the shipment, radiation doses to the environment and cask temperatures must satisfy requirements set forth by the Nuclear Regulatory Commission (NRC).
A previous study considered transportation of a single fresh ABR fuel assembly with a 700W decay heat in a helium filled cask [2] . Results indicated the cask can maintain the cladding (fuel housing) temperatures below a limit of 375ºC, thus preventing creep damage before loading into a reactor core. Package criticality and radiation dose rates during transportation were not discussed. The study also indicated that a single used ABR fuel assembly with <1.0 kW decay heat can be stored and passively cooled in nitrogen or air, or 2kW in helium. Such an analysis allows the estimation of the size of on-site UNF storage facilities required for a particular reactor type.
This work is a preliminary thermal study of a cask proposed for transportation of used ABR fuel with consideration of criticality and gamma/neutron dose rate. Criticality calculations performed with the Monte Carlo NParticle (MCNP) code indicate a package can safely transport seven of these assemblies with a cask reactivity of k-eff=0.85. Radiation shielding analysis using the ORIGEN-S code for three assemblies indicates that 7 cm of lead and 20 cm of NS-4-FR composite reduce the combined gamma/neutron dose rate to 8.3 mrem/hr at 2 m from the side of the cask (the regulatory limit is 10 mrem/hr [3] ). The authors have compiled more information about these criticality and dose rate calculations in [1] . Thus, this study considers transport of three 5-year-cooled oxide ABR-CR50 used fuel assemblies.
Our goal is to determine the temperature profile within the cask, from its center to its exterior surface. Of particular interests are the steady-state cladding (fuel housing) temperatures and the cask external surface temperature. We wish to determine if the cladding temperature is below its integrity limit of 650°C [4] under normal conditions of transport [3] , and if the surface temperature is less than 85°C while the cask is in the shade in an exclusive use shipment [3] .
In this work, a cask design for transporting three assemblies is proposed. We determine the cask temperatures for a 7 cm thick lead gamma shield and a range of neutron shield thicknesses, above and below 20 cm. This sensitivity analysis is performed to confirm that these changes bring about the expected changes in temperature.
Separate sets of simulations are performed for a smooth and a corrugated cask outer surface. We wish to determine if extending the surface area using corrugation is a practical method for reducing cask temperatures. Figure 1 shows the cross section of the oxide ABR-CR50 fuel assembly considered in this work [4] . It consists of 331 fuel pins in a hexagonal array within a duct. The fuel cladding and duct are both made from HT9 steel. The dimensions of the assembly are summarized in Table 1 . In this work we assume a burn-up of 160 MWD/kg [4] . Figure 2 shows the decay heat generation rate for an assembly that has been removed from the outer portion of a reactor core versus time after removal. Each assembly generates 36.8 kW immediately after it is removed, but only 1.01 kW five years later. In this work we consider fuel that has been aged for five years. 
NOMENCLATURE

PROPOSED TRANSPORT CASK DESIGN
The cask proposed in this work to transport used ABR fuel is a modified version of the Universal Transport Cask (UTC) [5] designed for light water reactor assemblies. In the proposed design, three assemblies will be placed in a helium-filled cylindrical canister. The canister will then be placed in a multilayered transport cask. Figure 3 shows a cross section through the transport cask. It shows the assembly ducts (but not the pins), the full canister, and one-quarter of the proposed transport cask. The figure indicates the number and material for each component. The name and thickness of each component are described in Table 2 . Each assembly will be supported within a hexagonal BORAL® liner. There is a gap between the assembly duct and BORAL® liner to accommodate load pads on the outside of the ducts. The liners are held by stainless steel and aluminum support disks. These disks have cutouts for the liners, and the disk outer edges touch the interior surface of the canister. The cut plane of Fig. 3 is between the support disks, so helium fills the area between the liners and the canister interior surface. There is a helium gap between the canister and the cask. The remainder of the cask consists of an inner shell, a gamma shield, an outer shell, neutron shield, and a neutron shield shell. The thicknesses of all cask components other than the neutron shield are based on the thicknesses used in the UTC. This work considers four different neutron shield thicknesses, W NEUTRON = 11.4, 20, 30 and 65.6 cm. The smallest value, 11.4 cm, is the thickness of the neutron shield in the UTC. A 20 cm shield meets the radiation shielding requirement. A 30 cm shield is 50% larger than that required for sufficient radiation shielding. The largest value, 65.6 cm, causes the outer cask diameter to be 218 cm. This is the outer diameter of the MPC Rail Cask [6] and is considered to be a practical limit for transportation.
The neutron shield region in Figure 3 is a homogenized model of a composite structure. The UTC safety analysis report available to the public [5] does not contain figures so we do not know its exact structure. However, Figure 4 shows one possible structure based on a description given in the report. It consists of copper and steel radial fins that connect the outer shell to a steel connector. That connector is attached to the neutron shield shell. Between the fins are a thicker layer of NS-4-FR, and a thinner silicon foam layer. Future work may model the components of the neutron shield structure rather than using a homogenized model.
The neutron shield properties used in this work are based on the effective properties of its homogenized structure. Table  3 shows the density and thermal conductivity of each material at a representative temperature for that material. It may be used to quickly compare the relative values. Figure 5 shows two-dimensional finite volume meshes of casks loaded with three assemblies. Figure 5a is a detail of the fuel assemblies and canister at the center of the cask. Figures  5b and 5c show full cask cross sections with neutron shield thicknesses of 11.4 and 65.6 cm, respectively. Heat transfer and the resulting temperatures within the computational domain are calculated using the FLUENT commercial computational fluid dynamics (CFD) package. FLUENT simulations have been benchmarked using experimental measurements in geometries that model light water reactor used fuel within a transport cask [7] .
SIMULATION METHODS
In the FLUENT simulations, conduction is solved within all solid components using Fourier's law. There are four helium gas filled regions within the cask. They are: (1) between the fuel rods and the assembly duct, (2) between the ducts and BORAL® liners, (3) between the liners and canister interior surface, and (4) between the canister and the cask interior surface. In these regions FLUENT satisfies conservation of mass, energy and momentum constraints. Surface-to-surface radiation is also calculated across these regions assuming the helium gas is a non-participating media. All simulations were two-dimensional and steady.
APPLICATION OF FUEL HEATING AND THERMAL BOUNDARY CONDITIONS
In the current work the decay heat is assumed to be generated uniformly within the fuel. For an assembly heat generation rate of 1.01 kW, a fuel region length of 137.16 cm, a fuel pellet diameter of 0.531 cm, and 331 rods per assembly, the corresponding volumetric heat generation rate is 100.5 kW/m 3 . The thermal performance of casks must be evaluated under normal conditions of transport, as defined in Federal Regulations [3] . Those conditions consist of a surroundings temperature of 38°C and, for curved surfaces, a solar heat flux of 400 g-cal/cm 2 for a 12 hour period. During a 24-hour day the average flux rate is 388 W/m 2 for the 12 hours this solar flux is applied, and 0 for the remaining 12 hours. Application of this unsteady heat flux causes the temperatures to increase and decrease on a 24 hour cycle. A steady state analysis with the average heat flux rate of 194 W/m 2 will under-predict peak cask temperatures (the level of under-prediction decreases as the distance inside the outer surface increases [8] ). In the current work, a steady state analysis with a solar heat flux of 388 W/m 2 is performed. This will conservatively over-predict the peak cask temperatures. Future work may include transient calculations that more accurately (less conservatively) models the specified boundary conditions.
Under steady state conditions, all heat generated within the fuel and solar heat flux absorbed by the cask surface must leave the cask through its external surface. A stationary cask will dissipate heat to the environment by radiation and natural convection. The radiative flux leaving the cask outer surface is calculated using a surface emissivity of 0.2 and an environmental temperature of 38ºC. Future work may consider a.
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the less-conservative value of 0.36 used in the UTC safety analysis report [5] . For convection, the external convection coefficient h is determined using a standard natural convection correlation for a long horizontal, isothermal, heated cylinder as shown by Eq. 1 [9] .
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Dimensionless Rayleigh and Prandtl numbers are calculated using temperature dependent fluid properties at the average temperature between the surface and environment. Figure 6 shows the local convective heat transfer coefficient h versus the cask surface temperature T. At lower temperatures h increases with T because buoyancy induced motion increases with temperature difference between the cask surface and its surroundings. The viscosity of the air also increases with temperature. This inhibits buoyancy induced air motion and decreases the heat transfer coefficient at high surface temperature. Future work may employ CFD simulations of the air surrounding the cask to more accurately calculate the local heat transfer from a non-isothermal horizontal cylinder with finite length. General standards for packaging require that in still air at 38°C and in the shade, no accessible package surface in exclusive shipment may be above 85°C [3] . In the current work, the shaded surface temperature is evaluated using the same fuel heat generation rate and external boundary conditions described earlier, except the solar heat flux is set to zero.
SIMULATION RESULTS
This section describes results for casks with a flat (not corrugated) exterior surface. Figure 7 shows temperature contours within the computational domain for a neutron shield thickness of W NEUTRON = 20 cm under normal conditions of transport. Figure 7a shows the full domain, while Fig. 7b shows a detailed view of the fuel and canister regions. The fuel peak clad temperature for this condition is 455°C, which is well below the limit value of 650°C [4] . The upper assembly is hotter that the lower ones due to the effect of natural convection. The temperature profile exhibits a series of steps within the fuel region, where the temperature is relatively constant within each fuel rod, but exhibits stronger gradients within the helium gas. The large gradients due to two helium gaps are labeled. The temperature gradient in the metallic and composite components of the cask is relatively low due to the relatively high thermal conductivities of those components.
A horizontal line in Figure 8 shows the environment temperature, T E = 38°C. For both cask designs there is a (a) (b) significant temperature difference (roughly 100°C) between the cask outer surface and its environment. This difference is affected by the cask exterior surface area, heat transfer coefficient, emitance, solar heat flux, and the fuel heat generation rate. This difference is slightly smaller for the larger cask (W NEUTRON = 30 cm) than it is for the smaller (W GAMMA = 20 cm). Increasing the neutron shield thickness increases the diameter and exterior surface area of the cask. This decreases the heat flux per unit area from that surface to the environment, and this decreases the temperature difference with the environment. We note that the thermal conductivity of the neutron shield is relatively large, and increasing its thickness increases the temperature difference within the cask by a very small amount. As a result the peak clad temperature T PC actually decreases slightly as W NEUTRON increases. Figure 9 shows T PC versus neutron shield thickness, for W NEUTRON = 11.4 to 65.6 cm. T PC is well below the allowed limit of 650°C for all relevant values of W NEUTRON . For sufficiently large W NEUTRON (not shown in Figures 9 ) the surface temperature approaches the environment temperature. At that point, T PC will increase with any further increases in W NEUTRON . In Fig. 10 , the line labeled "Flat External Surface" shows the maximum shaded surface temperature T SS (for no solar heat flux) versus neutron shield thickness. For W NEUTRON = 20 cm, T SS = 125°C. This shaded external temperature decreases as W NEUTRON increases but it is well above the maximum allowed limit of 85°C for the entire range. The only way to decrease the shaded external surface temperature is to increase heat transfer between the cask surface and its environment. The next section explores the use of corrugation to extend the area and reduce the temperature of the external surface. 
CORRUGATED EXTERIOR SURFACE
One method to reliably decrease the temperature of a body that dissipates heat to its surroundings is to increase its surface area. For the current cask design, this can be done by increasing the cask diameter or by adding fins (extending its surface) to its outer surface. Figure 10 shows that the largest allowable cask outer diameter (corresponding to W NEUTRON = 65.6 cm) does not bring the shaded surface temperature to 85°C. In this section we propose to use sinusoidal-corrugation to extend the surface area, similar to that used in the IF-300 transport cask [10] . Figure 11 shows an axial slice near the cask surface. It shows the shape of a sinusoidally-corrugated surface relative to a flat one. The corrugated surface shape is characterized by Eq. 2
where M is the sine wave amplitude and L is its periodicity length. The flat surface is characterized by 0 y = .
The ratio of the extended (corrugated) surface area A E to the flat one, A F , is denoted R = A E /A F . For a cask whose diameter is much larger than M, the area ratio is a function of the amplitude to periodicity length ratio β = M/L, and is calculated by Eq. 3.
( ) ( ) ( ) Figure 12 shows the area ratio R versus the amplitude to periodicity length ratio β. For β = 0 there is no area extension and R = 1. However, R increases as β increases. We wish to determine the required area ratio R (and corresponding amplitude to periodicity length ratio β) that bring the shaded surface temperature to 85°C. To do this we repeat the shaded surface (zero solar heat flux) simulations with W NEUTRON = 20 cm. However, we increase the convection coefficient h and the surface emittance ε by a common factor R (R*h and R*ε, respectively) to represent the increased surface area. We perform simulations with different values of R and determine the resulting shaded surface temperature. This analysis assumes the corrugated surface temperature is uniform, and the thermal radiation view factor between from the surface to the surroundings is unity. Future analysis may more accurately calculate the surface temperature and view factor..
The shaded-surface-temperature versus area ratio results are shown in Fig. 13 . For R = 1 the surface temperature is 125°C (the same as the flat surface result), but it decreases as R increases. For R = 2.2 the surface temperature is 85°C. Figure  12 shows that an amplitude ratio of β = 0.47 gives this area ratio. The sinusoidal corrugation shape shown in Fig. 11 has this amplitude ratio. This appears to be a practical shape for the surface of a transport cask.
In Fig. 10 , the line marked "Corrugated External Surface" shows the shaded surface temperature for different neutron shield thicknesses when the surface is corrugated with the shape shown in Fig. 11. In Fig. 9 , the point labeled "Corrugated External Surface" shows the peak clad temperature for the cask with the corrugated surface is roughly 10°C less than that with the flat surface. 
CONCLUSION
The results presented in this work follow reasonable trends in that the shaded surface and peak clad temperatures both decrease as the neutron shield thickness increases. For the proposed cask design with a 7-cm-thick lead gamma shield, a 20-cm-thick NS-4-FR composite neutron shield, and a flat exterior surface, the peak cladding temperature under normal conditions of transport is below the maximum allowed limit, but the shaded external surface temperature is above its limit. However, for a cask with a sinusoidally-corrugated exterior, with an amplitude to periodicity length ratio of 0.5 or above, the peak clad and the shaded surface temperatures are both below their respective limits. We conclude that three 5-year-cooled oxide ABR-CR50 used fuel assemblies with a burn-up of 160 MWD/kg can be transported in a single cask.
FUTURE WORK
A number of conservative assumptions were employed in the current work, and they were described in the body of this report. Future work may consider analysis with a number of refinements. These refinements include a more complete analysis of the (a) transient solar heat flux, (b) convection heat transfer between the cask and its surroundings, (c) neutron shield structure, (d) corrugated external surface of the cask, and (e) effect of support disks within the canister gap.
